Abstract: Accurate understanding and detecting of vegetation growth change is essential for providing suitable management strategies for ecosystems. Several studies using satellite based vegetation indices have demonstrated changes of vegetation growth and phenology. Temperature is considered a major determinant of vegetation phenology. To accurately detect the response of vegetation to climate variations, this study investigated the vegetation phenology in the northeast (NE) region of China by using in-situ temperature observations and satellite-based leaf area index estimates (LAI3g) for the period 1982-2011. Firstly, a spatial distribution of the averaged phenology over the 30 years was obtained. This distribution showed that a tendency for an early start of the growing season (SoS) and late end of the growing season (EoS) was observed towards of the southeastern part of NE China, with the late SoS and early EoS occurring at higher latitudes. Secondly, the temperature-based and satellite-based phenological trends were analyzed. Then the significant advanced trend (SAT), significant delayed trend (SDT), and nonsignificant trend (NT) of SOS and EOS in NE region of China were detected by using the Mann-Kendall trend test approach. Finally, changes in phenological trends were investigated by using the temperature-based and satellite-based phenology method. A comparison of the phenological trend shows that there are some significant advanced trends of SOS and significant delayed trends of EOS in the NE region of China over 30 years. The results of this study can provide important support of the view that a lengthening of growing season duration occurred at the northern high latitudes in recent decades.
Introduction
During the past few decades, the ongoing climate change has had serious effects on vegetation dynamics [1] [2] [3] [4] [5] . Vegetation phenology, the annual rhythm of biological phenomena, is a significant indicator of climate change. The extension of the vegetation growing season could be attributed to climate changes across the globe [6] [7] [8] .
Many previous studies [5] [6] [7] [9] [10] [11] [12] [13] based on satellite phenology have demonstrated the efficiency of satellite derived indices on climatic and ecological changes in large scale. On the account of the long term, large scale, and continuous observations, most of the studies were based on long time series vegetation index datasets [10, 11] . Naturally, many of these studies used the phenology metrics derived from temporally smoothed vegetation index data, such as Normalized Difference Vegetation Index (NDVI), Enhanced Vegetation Index (EVI), and Leaf Area Index (LAI). Different approaches have been identified to derive these metrics in a robust fashion [9] [10] [11] [14] [15] [16] [17] [18] . Recent studies have also demonstrated that the uncertainty in the estimation of phenological metrics has a direct relation to the cloud contamination and the quality of satellite data [19] [20] [21] . However, the quality and research applicability of the Global Inventory Monitoring and Modeling Studies Leaf Area Index third-generation (GIMMS LAI3g) dataset were effectively evaluated and widely used in numerous research studies [22] [23] [24] [25] , which indicated that LAI3g data could be effectively used for deriving phenology. The phenological metrics of onset and cessation provide great insights into the effect of natural and anthropogenic factors on vegetation.
Northeast China possesses the largest contiguous forest land area in China. Northeast China has a forested land area of 50.5 million ha, which accounts for about 28 .9% of China's forested land area. Northeast China is not only an important national base for wood and food products, but also plays a key role for providing various ecological services. In keeping with overarching trends in global climate change, increasing trends in mean annual temperature have been observed in Northeast China since the 1980s [26] . Therefore, the investigation of vegetation phenological changes and climate change is necessary to improve sustainable management of Northeast China's ecosystems. However, less attention has been paid to vegetation change and its relationship with climatic factors over this regional scale area [11, [25] [26] [27] [28] . As a result, some aspects of vegetation dynamics still remain poorly understood [25] .
Our primary objective in this study is to detect vegetation phenology trends in Northeast China from 1982 to 2012. In the subsequent sections of this paper, we firstly describe the satellite data used in our study, and our methodology for deriving phenology, the trend test and analysis metrics. In Section 3, we present the differences between phenology metrics derived from temperatures measured in meteorological stations and the metrics derived from LAI3g dataset data. In addition, the trends in vegetation phenology across Northeast China from 1982-2011 are examined, and the spatial distribution of phenology and regional phenology trend are analyzed, which is important to understand phenology of vegetation and climate change. Finally, we discuss the observed differences between the trends derived from two metrics, and the limitation of the study is also analyzed. Due to lack of detailed analysis on precipitation and land use, the phenology model did not include precipitation and land use in the simulation for this study. Their potential influence on vegetation phenology needs to be investigated in future phonological models.
Materials and Methods

Study Area
The research area of this study is the Northeast region of China, which extends longitudinally from 73 • 24 E to 97 • 00 E and latitudinally from 34 • 50 N to 49 • 15 N, with a total area of 1.52 × 10 6 square kilometers (Figure 1 ). This study area covers Liaoning (LN), Jilin (JL), and Heilongjiang (HLJ) provinces and four leagues (an administrative division of the Inner Mongolia Autonomous Region) in eastern Inner Mongolia Autonomous region (IMA). The precipitation in this area generally ranges from 300 mm to 1000 mm owing to monsoon climate of medium latitudes. 
Datasets
LAI Dataset
The LAI dataset used in this study is LAI3g, which is derived based on the third-generation NDVI (NDVI3g) [22] [23] [24] , from the Advanced Very High Resolution Radiometer (AVHRR) carried by the National Oceanic and Atmospheric Administration (NOAA), produced by the Global Inventory Monitoring and Modeling Studies (GIMMS), at a spatial resolution of 1/12 degree (about 8 km) and 15-day interval, spanning from January 1982 to December 2011 [29] .
Climate Data
The climatic variables used in this study mainly include precipitation and temperature, from China Meteorological Data Sharing Service System (CMDSSS), which include hourly and daily meteorological records observed from 754 benchmark surface weather stations and automatic weather station since 1951 [30] [31] [32] . The accuracy of these meteorological station data has been found to be over 99.9%.
Out of these 754 stations, 118 are in the area considered for this study. For the purpose of this study, only meteorological observations from 1982 to 2011 are considered.
Land Cover Data
For this study, we also used the IGBP (International Geosphere-Biosphere Programme) Land Cover (LC) product (MCD12Q1, 500 m) over NE China for the year 2011 [33] . The LC IGBP product used in this study area includes 11 natural vegetation classes, three developed and mosaicked land classes, and three non-vegetated land classes.
In this study, we rescaled the MCD12Q1 LC IGBP data and made its spatial resolution the same as LAI3g data by using the following statistical method [22] . We counted the classification type of MCD12Q1 LC IGBP in one pixel of LAI3g. The MCD12Q1 LC class with the largest quantity was set as a new classification type of LC resample. Based on the new LC map, which had the same scale as theLAI3g data, we selected the vegetation area to do the examination and analysis of vegetation phenology trends. 
Datasets
LAI Dataset
Climate Data
Land Cover Data
In this study, we rescaled the MCD12Q1 LC IGBP data and made its spatial resolution the same as LAI3g data by using the following statistical method [22] . We counted the classification type of MCD12Q1 LC IGBP in one pixel of LAI3g. The MCD12Q1 LC class with the largest quantity was set as a new classification type of LC resample. Based on the new LC map, which had the same scale as theLAI3g data, we selected the vegetation area to do the examination and analysis of vegetation phenology trends.
Methods
Phenology Metrics from Traditional Thermal Method
Numerous phenological studies consider air temperature as the key triggering factor of vegetation phenology [34, 35] . The start of the growing season (SOS) and the end of the growing season (EOS) were defined according to the air temperature's change. According to these methods, the starting day of a period including five continuous days with average temperature greater than 5 degrees Celsius, is considered the SOS.
Similarly, the ending day of a period including five continuous days with average temperature greater than 5 degrees Celsius was defined as the EOS [35] . As temperature is the key factor in determining vegetation phenology, a lot of studies have used temperature based phonological metrics to detect the vegetation phenology [34] [35] [36] [37] . Phenology metrics based upon a traditional thermal method were introduced in this study. Based on the definitions of the SOS and EOS above, the daily temperature data from meteorological observation in NE China was used to determine the phenology over the meteorological stations scale.
Phenology Metrics Derived from Vegetation Index
The growing season is the most active period in the phenology cycle of non-evergreen vegetation [36] . Generally, there are some different threshold methods which can be used to detect phenology, including the absolute threshold, the dynamic ratio threshold, and the abrupt change method [35] . Due to wide use of the dynamic ratio threshold method in detecting phenology recently [37] [38] [39] [40] [41] [42] [43] [44] , we used the leaf area index changes ratios to determine the onset dates of vegetation grow up and dormancy. On account of growth stages with high activity, the vegetation index in the growing season can be considered a better expressional character than the total year's vegetation index. Figure 2 shows the approach flowchart of this study. 
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Phenology Metrics from Traditional Thermal Method
Phenology Metrics Derived from Vegetation Index
The growing season is the most active period in the phenology cycle of non-evergreen vegetation [36] . Generally, there are some different threshold methods which can be used to detect phenology, including the absolute threshold, the dynamic ratio threshold, and the abrupt change method [35] . Due to wide use of the dynamic ratio threshold method in detecting phenology recently [37] [38] [39] [40] [41] [42] [43] [44] , we used the leaf area index changes ratios to determine the onset dates of vegetation grow up and dormancy. On account of growth stages with high activity, the vegetation index in the growing season can be considered a better expressional character than the total year's vegetation index. Figure 2 shows the approach flowchart of this study. First of all, the leaf area index change ratios (LAI ratio ) were calculated from the series of consecutive 15-day periods from the LAI3g dataset. We calculated the leaf area index ratio for the whole study area according to the following equation:
where T is the number of the LAI image series for one year, with a 15-day interval (from 1 to 23). The time of the maximum (minimum) LAI change ratio can be considered as the onset dates of vegetation green up(dormancy) [11, 31] .We firstly detected the time T with the maximum LAI ratio , and then used the time T as the onset date of green-up. Likewise, we detected the time T with the minimum LAI ratio , and then used the time T + 1 as the onset date of vegetation dormancy.
Mann-Kendall Trend Tests
The Mann-Kendall trend test approach is widely used in the analysis of various types of environmental data for testing monotonic trends [45, 46] . The purpose of the Mann-Kendall (MK) testis to statistically assess if there is a monotonic upward or downward trend in the variable of interest over time [47] . Because the MK statistics can effectively distinguish the difference between natural variability and trend change, the MK test was used for investigating the trends of long time series of consecutive temperature observations data and leaf index data in this study.
According to the calculated MK test statistic value of long time series data in this study, the null hypothesis of no trend in the time series of consecutive temperature observations or LAI data was determined to be accepted or rejected using reference test values at the 99% confidence interval.
The Savitzky-Golay Filter
Satellite time series are usually noisy and discontinuous, which can lead to large uncertainties in the estimation of phenological metrics [21] . To reduce such uncertainties, these data require smoothing and gap-filling before being used in phenological studies. The Savitzky-Golay filter is one of the most commonly used filters among phonological studies [5, 22, 25, 35] .
The Savitzky-Golay (S-G) filter is a simplified least-squares-fit convolution for smoothing and computing derivatives of a set of consecutive values [48] . The S-G filter can be understood as a weighted moving average filter with weighting given as a polynomial of a certain degree. This filter can be applied to any consecutive data when the points of the data are at a fixed and uniform interval along the chosen abscissa, especially for time-series data. The general equation of the simplified least-squares convolution for time-series data smoothing include two parameters that must be determined according to the time-series data observations when the filter is applied. The first parameter is the half-width of the smoothing window. The second parameter is the degree of the smoothing polynomial. In this study, the two parameters were set as (2, 3).
Regression Analysis
Generally, the leaf area index of vegetation would increase firstly and then decrease gradually over the growing season. The relationship between leaf area index and the corresponding Julian day can be fitted by using Equation (2) .
where x is the Julian day for LAI image index. a i (i ∈ [1, 6] ) refers to the coefficients of sixth-degree polynomial function which can help smooth the impact of some abnormal LAI values caused from the non-vegetation effects of cloud, atmosphere, solar zenith angle, and other factors.
Results
Spatial Distribution of NE China Phenology
Phenology Derived from Temperature
Temperature variations due to differences in geographical position and elevation also mean that the phenology varies in different areas. As shown in Figure 3 , the earliest SOS mainly appears in the southeastern part of study area, and the late SOS occurs at the higher latitudes of NE China area. According to the Julian calendar, the latest SOS of NE China appears later than 150 days of the year. Instead, the spatial distribution of the EOS is generally opposite to the SOS, as shown in Figure 3 . The EOS day is gradually delayed from Northern NE China to the southeastern NE China area.
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Results
Spatial Distribution of NE China Phenology
Phenology Derived from Temperature
Temperature variations due to differences in geographical position and elevation also mean that the phenology varies in different areas. As shown in Figure 3 , the earliest SOS mainly appears in the southeastern part of study area, and the late SOS occurs at the higher latitudes of NE China area. According to the Julian calendar, the latest SOS of NE China appears later than 150 days of the year. Instead, the spatial distribution of the EOS is generally opposite to the SOS, as shown in Figure 3 . The EOS day is gradually delayed from Northern NE China to the southeastern NE China area. 
Phenology Derived from Satellite-Based LAI3g
In order to observe more details of vegetation phenology in NE China, we used the long time series of remotely sensed LAI data. In Figure 4a , we can see the earliest SOS appearing in March, which mainly occurred in the southeastern NE China area (specially in southeastern Liaoning Province). The latest SOS mainly appears in June, which mainly occurred in the western NE China area (located in Inner Mongolia) and the central NE China area (located in Changbai Mountain), which might be caused by the precipitation or the altitude.
Instead, the earliest EOS derived from LAI appears in August and mainly is distributed in the western NE China area and the mountain areas of central NE China area, which is different from the temperature-based results, and the later EOS appears September to late October, which occurred from north to south of the NE China area. Most of the latest EOSs occurred in the southern region of Liaoning Province. 
PhenologyTrends
Temperature-Based Phenology Trend
In order to investigate the temperature-based phenology trend, we firstly used the Mann-Kendall Trend test to identify the significant advanced trend (SAT), significant delayed trend (SDT), and nonsignificant trend (NT).
According to the statistical value of 1.96 at significance level of 0.05, trends are divided into significant advanced trend (SAT), significant delayed trend (SDT), and nonsignificant trend (NT) [22] . The results shown in Figure 5 indicate the significant advanced SOS trend can be observed in most of the study area. Instead, the nonsignificant trend (NT) appears at a small quantity of remaining meteorological sites which are distributed in northern and central parts of study area. The results of EOS are completely different from SOS (see Figure 5a ,b). The significant delayed trend of EOS showed a scattered distribution at a small quantity of sites in western and central NE China. 
PhenologyTrends
Temperature-Based Phenology Trend
According to the statistical value of 1.96 at significance level of 0.05, trends are divided into significant advanced trend (SAT), significant delayed trend (SDT), and nonsignificant trend (NT) [22] . The results shown in Figure 5 indicate the significant advanced SOS trend can be observed in most of the study area. Instead, the nonsignificant trend (NT) appears at a small quantity of remaining meteorological sites which are distributed in northern and central parts of study area. The results of EOS are completely different from SOS (see Figure 5a,b) . The significant delayed trend of EOS showed a scattered distribution at a small quantity of sites in western and central NE China. 
PhenologyTrends
Temperature-Based Phenology Trend
Satellite-Derived Vegetation Phenology Trend
We also investigated the phenology trend based on the long time series SOS and EOS during the 1982-2011 period by using the Mann-Kendall Trend test approach. We respectively divided the long time series SOS and EOS into significant advanced trend (SAT), significant delayed trend (SDT), and nonsignificant trend (NT) according to the statistical value of 1.96 at significance level of 0.05. The result of satellite-based phenology trend is shown in Figure 6 . However, the satellite-based phenology trend is not exactly the same as that from temperature ( Figure 5) .
The significant advanced SOS trend is mainly distributed in the northern and central area of NE China (including northwestern Jilin Province, northeastern Inner Mongolia, and most HeilongJiang Province and western Liaoning Province). In most parts of NE China, there is a nonsignificant SOS trend. However, other than that, there are several scattered parts showing significant delayed SOS trend in western NE China. On the contrary, significant advanced trend (SAT) of EOS derived from the LAI data is mainly distributed in a small central part of NE China, and there are some significant delayed EOSs distributed in northwestern NE China (including the northeastern Inner Mongolia and the northwestern Heilongjiang Province). Also, most of area indicates a nonsignificant EOS trend.
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The significant advanced SOS trend is mainly distributed in the northern and central area of NE China (including northwestern Jilin Province, northeastern Inner Mongolia, and most HeilongJiang Province and western Liaoning Province). In most parts of NE China, there is a nonsignificant SOS trend. However, other than that, there are several scattered parts showing significant delayed SOS trend in western NE China. On the contrary, significant advanced trend (SAT) of EOS derived from the LAI data is mainly distributed in a small central part of NE China, and there are some significant delayed EOSs distributed in northwestern NE China (including the northeastern Inner Mongolia and the northwestern Heilongjiang Province). Also, most of area indicates a nonsignificant EOS trend. 
Comparison of Trends between Temperature-Based and Satellite-Based Phenology
Overall, there is a relatively obvious difference between temperature-based and satellite-based phenology (Figures 5 and 6 ). According to phenology trend investigation results, significant delayed trend (SDT) of SOS and significant advanced trend (SAT) of EOS derived from the temperature of meteorological station observations did not appear in the study area and the significant delayed trend (SDT) of EOS only distributed in parts of the meteorological stations. Most meteorological stations display the significant advanced SOS trend. On the contrary, the satellite-derived vegetation phenology trend appeared to be a nonsignificant trend (NT) in most of the study area. The 30 year phenology trend derived from long time series LAI (Figure 6 ) indicated that the advanced SOS and delayed EOS trends are also significant in high latitudes and the central high altitude area.
In order to understand the phenology trend change in detail, we separately calculated the 30 years phenological time series based on the temperature and LAI3g data (Figure 7a,b) . 
In order to understand the phenology trend change in detail, we separately calculated the 30 years phenological time series based on the temperature and LAI3g data (Figure 7a,b) . Figure 7a shows the temperature-based phenological time series on the meteorological station scale. The regression results of phenology date indicate that the SOS and EOS ambiguously present an advanced and delayed linear trend, respectively, and the advanced SOS and the delayed EOS in the 118 meteorological stations changed by0.048 days year −1 and 0.1092 days year −1 , respectively.
Based on the averaged SOS and EOS derived from LAI and the corresponding LAI data, we calculated the parameters of the regression equation (Equation (2)). Then, Equation (2) can be rewritten respectively for estimating SOS and EOS phenology date. According to the equation rewritten for estimating SOS and EOS phenology dates, we calculated the phenological time series for the 30 years for the whole study area (Figure 7b ). As is shown in Figure 7b , the regression results of phenology date indicate that the SOS and EOS significantly present an advanced and delayed linear trend, and the advanced SOS and the delayed EOS in the whole study area changed by 0.2593 days year −1 and 0.1092 days year −1 , respectively.
In Figure 7 , the comparison result between temperature-based and satellite-based phenology time series shows that SOS derived from temperature is generally earlier than the satellite-based SOS phenology time, and the EOS derived from temperature is generally later than the satellite-based EOS phenology time. Based on the averaged SOS and EOS derived from LAI and the corresponding LAI data, we calculated the parameters of the regression equation (Equation (2)). Then, Equation (2) can be rewritten respectively for estimating SOS and EOS phenology date. According to the equation rewritten for estimating SOS and EOS phenology dates, we calculated the phenological time series for the 30 years for the whole study area (Figure7b) . As is shown in Figure7b, the regression results of phenology date indicate that the SOS and EOS significantly present an advanced and delayed linear trend, and the advanced SOS and the delayed EOS in the whole study area changed by 0.2593 days year −1 and 0.1092 days year −1 , respectively.
In Figure 7 , the comparison result between temperature-based and satellite-based phenology time series shows that SOS derived from temperature is generally earlier than the satellite-based SOS phenology time, and the EOS derived from temperature is generally later than the satellite-based EOS phenology time. 
Discussion
This study estimated that the satellite derived mean onset date of green-up of NE China has advanced on average by 0.2593 days year −1 from 1982 to 2011, and the temperature based advanced SOS of NE China changed by0.048 days year −1 . There is evidence across a wide range of geographic locations that the growing season has been occurring increasingly earlier in recent decades [49] [50] [51] . Numerous research studies have suggested that global warming was the primary driving force for the enhanced vegetation growth over the Northern Hemisphere [9] [10] [11] 16, 17, 52] . The difference between temperature based and satellite based phenology trends indicates that there are otherpossible factors causing the phenology change. Additionally, different vegetation types may require different temperature thresholds to trigger the start of the growing season. Vegetation in cold environments require lower threshold temperature than that in warm conditions [53, 54] .
The growing season of NE China has experienced a distinct lengthening trend over the past three decades, with an approximateannual extension of 0.3685 days. The length of growing season duration profoundly impacts the interannual variability of plant growth. The measurement of phenological trends and their variability can be considerablyhelpful to the development and production of field crops, including the changes in the farming system and crop yield [55] . In accordance with global climate warming, earlier SOS and delayed EOS generally prevailed, which would be helpful for higher and more stable crop yields and improved food quality in Northeastern China. Of course, the effects of prolonged growing season might be contradictory. The longer growing season would consume more irrigated water. At the same time, the longer growing season might cause more negative impacts to human.
This study is the first to detect the phenology trends from 1982 to 2011 in the Northeast region of China. While we have achieved some research goals with this study, there are still a few points that should be addressed in the future. At the same time, the significant area in the northern part of the study area with earliest SOS based on LAI3g data could have some conflicting results, which should be discussed.
Conclusions
In this study, we demonstrated that the vegetation phenology derived from the satellite based LAI3g data can reflect more phenology detail from a spatio-temporal perspective than meteorological station temperature data. Based on the LAI3g data, we estimated the phenology of the Northeastern China region by using the vegetation index change ratios methods. According to the phenology result across the whole NE China area, the earliest SOS and the latest EOS mainly occurred in the southeastern NE China area. Instead, the latest SOS and the earliest EOS mainly occurred in the western NE China area (located in Inner Mongolia) and the central NE China area (located in Changbai Mountain). The satellite-based phenology can reflect the actual change in vegetation phenology of Northeastern China. However, the traditional thermal method derived from temperature cannot detect the actual vegetation phenology change in NE China, which might be caused from the difference of the changes in water availability and temperature.
The average trends of SOS in the northern and central areas of NE China show the significant advanced phenology trend. Meanwhile, there is some significant delayed EOS with a scattered distributed in northwestern NE China. However, most parts of NE China did not show a significant phenology trend.
Based on temperature and long time-series LAI3g data during the period of 1982-2011, we estimated that the growing season duration of vegetation in Northeastern China region has a relatively significant lengthened trend. The results of this study strongly support the view that lengthening of growing season duration at the northern high latitudes appeared in recent decades owing to global warming. The difference of phenology between the temperature based traditional thermal method and satellite-based vegetation index metric reported in this study can result in significant results in interpreting the possible influence of climate change on vegetation phenology change in some important regions. This finding not only underlines the importance of temperature for vegetation phenology, but also suggests that the possible influence on vegetation phenology should be included in future phonological models.
